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ABSTRACT

The perforsance of a modifiad linear Kalman filter with

adaptation is compared wvith that of ‘a coason adaptive

. alpha-beta filter for state estimation of a pilot
ccntrolled, ground directed bombing system. Of particular

concern is the accuracy and response of the alternative

fil+ers when the aircraft conducts random maneuvers in the

vicinity of the target. The desirablity of dincluding
. deterministic forcing in the filter model is discussed and a
t! techrique wutilizing an adaptive Kalman identifier <o

establish the pilot response to ground control heading

commands is presentad. ‘
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I. INIRODUCTION

The ground directed boabing systea simulated is
conceptually similar +o the USNMC AN/TPB-1D produced by
Sierra Research Corporation. This system <tracks the
tactical aircraft with a conical scan radar, filters the
noisy radar data, calculates heading commands based on the
smoothed trajectory, and transai+s this guidance information
to the pilot wvia the Tacan navigation system located in the
cockpit. This heading information directs the pilot to fly
the aircraft so that its ground track vector passes through
the calculated ordrance release poirnt. Audio signals
transait+ted to the pilct designate the bomb release tinme.

In an operational environment such a system would
possibly be required to track and guide aircraft conduczing
sigrificant maneuvers enrouts to the target. These
maneuvers would most likely be dictatad by tactical Jdocirine
or by *he threat environment.

Aith this operationél model in mind an appfopriate
ccncern is the <capability of a grcund directed bombing
systema to track and guide an aircraft axhibiting random
mareuvers until moments prior +< bomb release. I+ is

cbvious tha* the smoothing filtsar should be ablz2 *c respond




to maneuvers, yet settle quickly to an accurate solution as
(1 the pilot steadias the aircraft. These conflicting
Ai? requirements are investigated utilizing both alpha-beta and
?: Kalman filtering techniques.
}j Similar £filtering techniques were utilized for a
éi simulation of the USMC AN/TPQ-27, [1]. However in <that
E; | ground directed bombing systea, control signals were
-g directly coupled to the aircraft aerodynamic con*rols, thus
3 eliminating the uncertainty of pilot response in tse control
!E loop. In that study significan*t improvements in filter
;V response and accuracy wer? realized b including
‘%» deterministic forcing autopilot commands in the state
k- ’ es*imation via the Kalman filters.
'
e

10
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II. QURD ECTE .| N

A. COORDINATE SYSTENMS

A Cartesian coordinate systenm was chosen for the
aircraft dynamics model and a radar centered inertial
reference franme. In this refsrence system the y-axis is
directed toward trus North and the x-axis toward +he east.
The z-axis is directed away from the center of the earth.
All radar measureménts of aircraft position, however, are
obtained in spherical polar coordinates, i.e. slant range
(R), azimith angle from true North (1), and elevation angle
(£) from the horizontal. Figure 2.1 shows +“hese coordina*e
systems and their t:ansformatio; rela*ionship. Wind is
modeled with a constant veloci‘y in the x-y plane with no
vertical component.

Curvature of the earth and +he fact that pilot heading
information is oriented to magnetic north, wer2 not “aken
inzo accouant in the simulation. Also bomb ballistics and
therefore coriolis forces were not included in the moiel.
The aizcraft is simply direc+ed to a release poiant in space,
which in a full simulation would be derived <£rom *he
projec=a2d4 bomb trajectory ,ballis*ic winds, coriolis forces,

and a number of other factors, 1ll of which are Importan+ %o

11




z;z

A North

x = R cos(E) sin(Aa)

X East
y = R cos(E) cos(A)

T

z = R sin(E)

—TY Y Ty

Pig. 2.1. Model Simulation Coordinate Systeams

-~
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the problea as a whole but are not necessarily germane to

the objective of evaluating the response and accuracy of
alternative state estimating filters for a goal oriented
saneuvering bomber. Thus the simulation has been simplified

appropriately.

B AIRCRAFT DYNAMICS MODEL

The dynamic model of <the aircraft for the purpose of
simulation was assumed to be a free inertial (1/52) plant
since the bombing profile dictates a constant aircraft

airspe<d. The discrete realization of <this plant is shown

ii - in (2. 1).
- X(ke1) = P(k+1/k)X (k) + A(k+1/k) U (k) (2.1)
where

1TO0OQO0O

010000

001TO0O
P(kelsx) = 000100 (2.2)

00001T

000001

L -
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A(k+1/k) = T 0 (2.3)

0 172
0 T
o ——

g

In the controlled mode the airéraft model simulates the

Ta? 7 v
“

.

pilot responding to heading inputs +ransaitted from the

radar site to the TACAN navigation sys*em in the cockpit.

p—p—

The model is driven by a pilot/aircraft control faunction
ﬁj similar to that developed in [1] and shown in Pigure 2.2.

S

The input is bearing to the targe* and the output is a bank

angle which generates a heading rate *hat can be transformed

into x-y asceleration cosponents for entry into the dynamic
model. It is assumed that in the controlled mode heading

changes are made witn coordinated turns performed by the

pilot 3in response *o heading commands displayed by +*he
.51 TACAN. The pilot saircraft controller induced X~y
hi accelerations are d=picted in Pigure 2.3 and summarized by

(2.4) and (2.5) telow.

i'."' X(k) = V (k) cos(¥(k)) Jl(k) (2.4)

il 2

,|. ’ o

(k) ==V (k) sin(P(k) ) (k) (2.5)

ok St Mttt
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Controller

61

Q,I 6 I
1 A/C Roll A/C
3 Response Dynamics

' A
Compute State Est. Measurement
Heading Erry. Filter Process

T

Bearing to Tgt.

A
(14

Pig. 2.2. Pilot/Aircraft Controller Configuratiom

Y(k) and V(k) are aircraft heading and velocity respectively
at +ime k, and ﬁ(k) is the heading ra%*e which is derived in

(2.6) <through (2.9) €rom the free-body diagram showa 3in

- Figure 2.4. The aircraft weight is shown in (2.6) below.
E; W=oa9 =1L cosé (2.6)

15
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Pig. 2.3. Pilot Induced X-Y Accelerations

Equation (2.7) depicts the centripetal force gencerated in a
turn, where R is the turn radius, L is 1lif+«, Vv is velocity,

and 8 is the bank angle.
P= oV’ = L sind (2.7
Put VY/R =¥ ,the =ura rate, so

P=av¥=1 sind (2.8)

16




R R N AT B PR WAL PO ,

Pig. 2.4. Coordinated Turn Pree-Body Diagram

Dividing (2.8) by (2.6) and rearranging terms yields (2.9,
which defines ¢ , <+he aircraft turn rate, as a function of

aircrafs bark angle 9, and velocity V.

LR L e g,
PP ST T
e R

v

Y = q/v tang (2.9)

From (1) the aircraft roll response is assumed %o ba of

the form shown in (2.10) where T is *“he zoll response time

cons*ant.

L2NR A 4 7, D an s yvvvey
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-g—- = 1/(s7T ¢ 1) (2.10)

No effort has been made to specifically model pilot delays
or response to visual inputs from the TACAN.
In the maneuvering mode the maneuver model described in

[2]) vas used and is shown in Pigures 2.5 and 2.6 .

AP(a)

J.\Po

-A 0 A >

Pig. 2.5. Acceleration Probability Density Model

This was simulated for uncontrolled random fligh® since the
aircraft is assumed to typically move at a constant veloci+y
wi+h turns, evasive maneuvars, and air +urbul ence
interpreted as perturbations upon <the constant velocity

trajec+ory. These maneuver per*urbations or accelarations

18
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Pig. 2.6. Hodel Acceleration Correlation PFunction

can be specified by a magnitude,” with probability P(a) from
(2.11), and duration of R(a) from (2.12), the correlation

func:icn of aircraf+ acceleration.

P(a) = (1-(2}?1 + Po))/ZA\ (2.11)
R(a) = ¥ exp(~-tial) _ (2.12)
The acceleration A in (2.11) is <4he maximum +ha* can

reasonably be expected ffem the pilotr/aircraf:t in the
environment described. P, is that probability assigned to

the maximum acceleration ¢A, Py is that probabili<y assi gned

19
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to no maneuver, and the assumed probabilitity distribution
betwean these values is uniform with amplitude P(a).
Equation (2.12) is the correlation function which yields an

acceleration time duration, R(a), which is based on the

magnitude of the acceleration (a]. M and t are siaply
correlation factors which determine how the R{(a) varies over
[! the range of possible acceleration amglitudes. Prom this
model one can see how the dura%ion of a high G maneuver for

threat avoidance would be considerably less than for a low G

clearing turn.

C. GDBS MODEL IMPLEMENTATION

The GDBS model was simulated on an IBM 370 3in single
precision Fortran. Pigure 2.7 shows the basic flow diagjram
for <-he computer program, which implements this simula+ion
model. The modul2 labeled 'State Estimazion Fil<er?!
Tepresants +*hose filter algorithms discussed in the nex+*

Chapter.

20

PN PR DI . PRI R AP S G NP R VU S T VR T S W VT AU SR SO SO At Al




ORNG "'—“o_-'. _p . ) . . "-‘."__3'.3-“-‘\:‘ " .i.iuﬁ N i\i. u_ -“!\

DRI SR R T e R M AN SRSV R e

Set Program Const.
- ' and Initialize
i! Variables

¥

Initialize A/C

j State Vector
(x,Y,2)
?‘ N ' ;)

Radar Measurements

in Polar Coord.

(R,AE)
W

Add white, 0-~-Mean

Gaussian Noise to

Polar Meagurements

X

Transform Polar

Coord. to Radar
Cartesian Coord.
State Estimation

rilter (%,%.%)

¢

Target Bearing

Provided to aA/C

Based on State Esct.

Maneuver Law
Provides X-Y
Acceleration to
Dynamic Model

Control Law
Provides X-Y
Acceleration to
Dynamic Model

Maneuvering
Permitted
2

Fig. 2.7. GDBS Model Flow Diagram
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IIT. AIBCEAPT STAIE ESTIMATION

A. BACKGROUND

A great deal has been written on the <+theory and
application of estimation filters. In particular, (23
provides a good overview of several such filters, including
the alpha~-beta and Kalman fil+ers, ard compares their
relative performance not only in terms of accuracy and in
response, but also in terms of computer implementation cos*ts
in coaputation time and storage overhead.

The general conclusion is that the Kalman filter
out-perforas an alpha-beta filter of comparable crder by
about 2 to 1, However, the cost for such perfcrmancz is
increased computer computation time and memory, of *he same

relative magnitude.

B. GENERAL DEXRIPTION OF THE ALPHA-BETA FILTER

:
L“
3
:
o

The basic +=heory of the alpha-beta filter is derived
v from wminimizing the mean square arror of the £iltared
F'j states. 2 classic analysis o5f “he alpha-beta filter is
E‘ prcvided by [3). The filtar <cecursive aqua*ions are
ff‘ summarized below.
5j x(k/k=1)=x (k=1/k=1) + T x(k=-1/k-1) (3.1
‘.
e
- 22
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x(k/k) = x (x/k-1) + a(z(k) - x(k/K=1) (3.2)

x(k/k) = x (k/k=1) « B/T (2(k) - x(k/k-1)) (3.3)

x(k/k-1) is the predicted position, X(k/k) is the updated
position, x(k/k) is the updated velocity, and z(k) is the
noise contaminated measurement of position at the k-th
interval. T is the sample rate of the measurement process,
a and B are usually fixed real constants. As pointed ou« in
[ 4] these alpha-beta equations are analogous to a staz2ady
state Kalman filter. Por <+ypical parameter values +he
alpha-beta filter is simply low pass with a heavily daamped
time response. Thus *he filter eliminates not only most
high frequency measurement and process noise, bu* also most

maneuver energy from the state 2ostimate.

(]

C. GENERAL DESCRIPTION OF THE KALMAN FILTER

The Kalman filter generates a minimum variance as+ima+e
¢f the plant(aircraft) state vector when the measuremer~ andé
plant process noise statis*tics are known and confeorm %o the

criteria shown below.

BE(V)IV(NT) = R(K) 5(k,9) (3.4)
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B(A® $(HHATY = o(x) sk, (3.5)

B(V(R)R(HT) =0 for all k,3 (3.6)
0 k#j
wvhere §(k,3) 1 k= (3.7)

A linear time-invariant systam is assumed, as in the
discrete model representation shown in Pigure 3.1. X (k)
represents the (n x 1) s*a*te vector, Z(k) the (m x 1) output
vector, ¢(k) the state transition matrix, H(k) +he (m x n)
observation matrix, W(k) s*tate excitation or process noise,
and Vv (k) the measurement noise.

The Kalman filter recursion algorithm is summarized

below.

X(k¢1) = d(k)X(k) « A(k) ¥ (k) (3.8)

Z(k) = H(k)X (k) + V(k) (3.9)

R(k/k=-1) = Pk, k-1)T(k=1/k=1) + A(K)U(k=1) (3.10)
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Pige 3.1. Dynamic System NModel and Discrete Kalman Filter
P(k/k=1) = &(k,k=1)P (k-1/k=1) $(k,k-1)" + Q(k) (3.11)

-1
G(k) = P (k/k-1)H (k) E!(k)?(k/k—1)a(k)r+ R(kﬂ (3.12)
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Lsx) = R(R/K-1)+G (k) [z(k) - n(k)?(k/qul (3.13)

P(k/k) = (T - G(k)H(k))P(k/k-1) " (3.14)

-l 9(k/k-1) denotes the estimate of the state vector X(k) based

on (k"") IeaSUIEIentS, 2(1)'2(2)'050002(k-1)0

D. FILTER ORDER CONSILCERATIONS
The filter order is chosen to match as closely as

possible the expected plant dynamics of the system being

yim,. "

modaled. A first order filter would be expected to estimate
a constant velocity trajectory effectively and a second

crder filter vould accordingly observe a trajectory

exhibiting constant acceleration. The ozder is used here in

+he mathematical sense and ra2fers to the crder of the

differantial equation that defines the fil+ter.

Since <*he aircraft is known to be constrained o a

\/80 A0 a2 Tv v
O .
. .

i' constant velocity profile as it approaches +the r2lszase

4

- poin+, i+ would seem reasonable to select a first ozder
fil<er for modeling. The aircraf* dynamics are an*icipated

4 to depart from *he first order model enroute %o the +arzget

E +hus creating transient errors which must be deal*t wi+*h by

£ilter adaptation. The alterna*tive *0 +this strategy is “o
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b increase the order of the filter to observe these high
i! energy maneuvers for state 2stimation. Hovever, the
o settling time of a first order filter is generally less than
>
E that of a second order filter as discussedin{S5] and
!. graphically illustrated by the first and second order Kalman
Ej gain schedules shown in Figures 3.2 and 3.3 respectively.
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o E. FILTER ADAPTATION
[ 1. Background
b
I Nc matter what the order or the complexity of <%he
i
E! filter type salected, it cannot be expected *o fully mcdel
3
f the aircraft dynamics and process noise covariance. The
{ model is based on 2 linear time-invarizant sys“em and the
'@
-
. 28
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process noise is assumed to be stationary, vwhite, and
Gaussian. During portions of the flight, paricularly as the
aircraft approaches the release point, <the system dynanmics
are expected to approximate very closely the assumed modal.
However, during other portions of the flight <+the aircraf+
dynamics are anticipated to depart significantly froam the
fiiter model. Certainly the pilot should not be constrained
to behave in a w@anner consistent with +the model, if the
environmant dictates otherwise.

Since the pilotr/aircraft+ dynamics are not fully
modeled, the suboptimal filter that results might be
expected to diverge, e.g. the 2rror covariance generated by
the filter and the actual error covariance become
inconsistent. The desire is for the filter to transition
smco*hly between accurate estimations, when the aircraft
dyramics conform to those assumed for *he model, and less
accurate es*ima“ions, when <“he aircraft dyramics do not
agree with the model. An adaptive fil-er realizes <this
smooth transition by adjusting fil%er parameters <o vary the
filter bandwidth %o allow a ®more consistant match be:weern

the calculated and actual filter error covariarces.
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E: In the case of Kalman filter adaptation, the
EE calculated error covariance becomes a function of ¢the
measured data indirectly by making <the filter parameters
dependent on the observed aircraft motion. The adaptive
techniques for the alpha-beta filter are similar in concept.

In either case the adaptive process is conceptually straight

forward; first divergence is detected, then the £filter
parameters are modifiad.

In the case of a ground directed bombing system of
the type considered here, tha aircraft's behavior c¢ould
depart from the filter model in a random fashion when the
pilot maneuvers in response to a random event 1in <the
environment, or deterministically when he rasponds +¢ “arget
tearing inputs from the ground radar. These *wo situations
may be treated separately or together for the purposz of
filter adaptation. To treat them separa*ely, as random and

deterministic Frocesses, raquires knowledge of the

pilot/aircraft response +o0 *arget bearing inputs. In +he
case of *he ground directed bombing system descrcibed in (1]
this transfer function was known qui*e accurately since the
inpu* signals from =<h2 ground radar were directly cocupled =o

the aircraft aercdynamic con+rols, wi*h ¢h2 uncer+ainties of

A AARAS Ao han S L rhe it b e
- .. B

ey
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pilot respons§ isolated €from the control loop. With that
information the deteraministic forcing «could simply be
integrated into the filter model. Unfortunately such is not
the case for this simulation. A unique approach <to this
problea will be discussed 1later. The alternative aporoach
is to consider both processes to be random and prcceed from
that assumaption.
2. +3 +isti v tectio

As descibed in (5] the innovations or residual
sequence of a filter can be obs2rved in order to destect a
tias that would indicate divergence of the state estimate

from the true state. This is given by
v(k/k-1) = 2(k) - H(K) % (k/k=-1) (3.15)

By substituting for 2(k) from (3.9), the measurement model,

ve see that

vik/k=-1) = vi{k) - H(k) €(k/k=-1) (3.16)
where

ek/k-1) = L(k/k=1) - X(k) (3.17)
Taking expected values , we find *“ha+

E(u(k/k=1) =0 (3.18)
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E(w(k/k=-1) pT(k/k-1)) = B(X) + B(K)P(k/k-DET(K) (3.19)

Thus by referring to the model statistics for R(k) and
P(k/k=1), it becomes clear that vhen the system conforms *o
hl the system model, i.e. the filter is operating optimally,

the innovation sequence should be zero-mean Gaussian with

variance

g2z g%x) + P(ksk-1) (3.20)

éé . One appraoch to adaptation considers the correlation

of the innovation sequence, where the autocovariance

Q) = E(w(ksk=1) V(k-i/k-1-1)1) (3.21)

should vanish fcr i#0. Based on “hese statistics, maneuver
detection <can be 1r2alized by observing the signs of the
inrovation sequence. The probability that a given sequence

is either positive or negative is

P(O>y>0) = .5 (3.22)
1-N .
Another approach u+«ilizes (3.23)
|UN (k)I > CO'FN(k) (3.23)

to declare a maneuver when I7N exceeds a specifiad value,

usually two or thrae standard Jdevia+tions of g -
N
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Subsequent to saneuver detection, the filter

parameters aust be modified to correct filter divergence.
Reference {S] summarizes numerous techniques, some being
quite complex and computation intensive. The strategy
chosen for this simulation was simply to reset the ecror
covariance in response to a detected maneuver. In <the
situation of a ground directed bombing system, the resulting
cost of a false detection becomes high only as the aircra¢€<
afpproaches the release point. This cost can be reduced by

disabling filter adaption within a specified time to go.

Still ancther approach attempts to adapt “he fil<er
b bandwidth by adjusting Q(k) in (3.11). This approach,

investigated in {11 and (6] calculates Q(k) by
- Q(k) = a Del(k)Del(k) + b Del(k-1)Del(k-=1) (3.24)
where a and b are determin2d by data analysis, and

pel (k) = R(ks/k) - R(k/k=-1) (3.25)

T

A varia*ion of this technique that looks at oniy +he change
in *he highest crder state is inves*igated in <*he Kalman

f:l+er simulation.

LAS AR S e o 4 AN A S e

Most of the discussion *hus far concerning filter

adaptation has been directad toward Kalman fil<«ers. Most
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approaches +to adapting alpha-beta filter siaply open the
bandwith by switching to a different set of parameters when
a maneuver has been detected. Reference (8] discusses an
adaptation scheme that is more nearly optimal in the sanse
of covariance matching. However, for the sake of comparison
the simple parameter switching technique is impleamen%*ed in
the alpha-beta filter simulation subroutine, since that is

the aprroach used in the AN/TPB-1D.

F. ESTIMATION OF PILOT RESPONSE TO TARGET BEARING INPUTS
As discussed in the previous section, aircraft dynamics
depart from the filter model randomly when the pilot
responds to events in +he environment and deterministically
wvhen he responds to target bearing inputs from the GDBS. If
his response to these inputs were known with some degres of
certainty, ¢ther deteministic forcing might be included in
*the filter model in a manner similar to that found :in
and [ 1]. The importance of :i{dentifying parameters which
define a system so +that modern con+rol stratagiss can be
implemented is discussed in [7]. In *his case the
parameters would be those that describe <“he pilot/aircraf+

response to heading inputs.
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By using an Autoregressive

Novi

representation for the pilot/aircraft

ng

syste

Average (ARMA)

m, and Kalman

filtering to process the heading-in(actually heading error

from the veiv point 5f +he pilot),

coefficients associated with <the

identified. Prom [7] we know that

bankangle out data, the

ARMA equation could be

the pilot/aircraft systea

can be represented by the ARMA squation

m
oy = XL a, g(k-3) -
j=o

wvhere the present bankangle

comktination of pasz

pra2sen> heading error

coefficients of this
adaptive Kalman iden
bank angle are si

acceleration sta+e

ocutputs,

inputs,

output,

@ (k=3),

k
OJ )

n
b, 6(k~3)
j=1

6 (k),

an

ARMA equa+tion can be £

tifier,

mple functions

(3.26)

is a 1linear
d of past and
Estimating the

ormulated as an

wvhere *he heading error and *he

of

<he

valecity arnd

2stimates ganerated by the RXalman s=a%e

as+-ima*ion filter previously discussed.

If the a., and bj coefficients of +*he AR

p)

treated as states o

state vector beccmes

f the

log Il)‘

MA equation are

pilot/aircraf: sys+en, then +he
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#e assusme that these coefficients experience randoa

perturbations so that
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ai(k+1) = ai(k) + ui(k)

(3.28)
bj(k01) = bj(k) + vj(k)

Equation (3.26) then becomes

m n
(k) = La, &(k-3) - b, 0(x-3) + v()  (3.29)
j=o J=1

where wi(k), wj(k), v(k) are noise processes that have the
same statistics described for the Kalman filter earlier.

Combining (3.28) and (3.29) we have

g e e L (3.30)
b (k+1) b (k) = )

The measurment vector is defined,

H(k) = [ot(k) olk=1) - - . gc-m) -
- k-1 ... - a(k-n)] (3.31)

g
4

From (7] +he solution is then formulated as

4 4 (k+1/Kk) 5 (k/k-1) .
: Frr—————| = - s (HE(k)] |7 G (k 3.3
B TS [I ) "] Ty (k) 8(x) (3.32)
E- where

‘4

T 1

: G (k) = P(k/k°1)ﬁr(k)E(R)P(k/k-1)HT(k) + R] (3.33)
i

>
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P(k/k) = P(k/k=-1) - G(k)H(k)P(k/k-1) + Q (3.34)

Q= vi(K (w, (k) w (k)] (3.35)

¥4 (k) i 3 )
R =2 [v(k) v(k)]) (3.36)

and
T

a(k)| |&(ksk) a(k)| |4(k/k) :
P(k/k=1) = E | -l % S| - & . 3.37
k= [nm] [S(k/m] [g(k)] [ﬁ_(km] G-30
Initialization of the states(coefficients) and the ecror

covariance would be similar to that discussed in +he anext

section.

G. FILTER IMPLEMENTAT IONS

Three separate2 filter subroutines were developed +o
simula+e the filtering c¢f raw radar da*a genera*ed by *he
ground radar of +he bombing system previously described.
All +hree filter configurations are oriented in <he <hree
dimensional Cartesian coordinats sys*em dascribed in Chapter
2 since the aircraf: dynamics are assumed to be more neacly
linear and well behaved than in “he polar coordinate sys:am

in which the measuramen+s are genera+ed. This disvacity
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between +the measurement reference frame and <+the model
dynamics reference frame results in a basic nonlineari:y
vhen transformations are required frcm one frame to the
other. Probably a2 better coordinate frame for wmodeling

aircraft nmotior would be one +hat translates with the

aircraft and is oriented along.the velocity vector. Such a
coordinate system was found to be very awkward and difficul:
+t0 implement, especially considering the ©problem of the

transformation nonlinearity just mentioned.

h ¢ AT T T,
idl SRRSO
» A pE T

The first of these filters, designated ALFBTA, is a
simple sixth order alpha-beta £ilter with the parameter
switching adaptation +*ecnique described in +*he previous
3 section. Adaption is initiated when a heading -ate cf 1

degree per second is observed for period of 5 secords oc

more. The second and third subroutines implenment
sixth (KALMN1) and ninth (KALMN2) order Kalman filzers
respec+ively. Two saparate adaptive *echniques, which were

described in the previous sectiosn, are inciuded wi%h each cof
these filters. The first of <+hese adaptive algorithas,
designated ADPTVT, adjusts the Q(k) matzix £frcm changes
computed in the highest order estina+a. The secord

algori+hm, designatad ADPTV2, siaply rese%s zthe covaciance
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of error aatrix P (k) vhen 2a bias is detected in the
innovations sequence for more than one second. As mentioned
before, the difference between the sixth and ninth order
filters is that the former do not estimate the acceleration
states of +the aircraft. The cost of this additional
information provided by the ninth crder filter is more
computation time and computer ma2mory.

The aircraft model is formed by defining a

three~dimensional Cartesian state vector

X3= (x ¥ 27T (3.38)

where x, v, and z are each one-dimensional two element state
vec*ors(position and velocity) for ALFBTA and KALMN1, and
three element state vectors (position, velocity, and
acceleration) <for KALMN2. The state prediction 2qua*tions

are given by (3.1) for the alpha-beta filter ard (3.10) for

both Kaiman filters. For the Kalman fil*er configuration

{ ¢ 0 0
k) = 0 ¢ 0 (3.39)
0 0 ¢
F ¢
-
i‘
'.
- 39
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4k = (3.40)

O O
(= 2 - Y -
> oo

vhere ¢ (k) and 4a(k) are defin2d4 by (3.41) ard (3.42) ‘for

KALMN1 and (3.43) and (3.44) for KALMN2.

(k) = v 3.41)
0 1 (3.
2
A(k) = T% (3.42)
T
T T¥2 '
d(k) = T (3°.43)
0 0 1
¥6
alk) = 172 (3.44)
T

@® and A are in gene!:ai functicnsﬁ of k, hcwevear for
*his simulation they are not since a constant da<+a rate is
assumed and no extenied predic+ions are requirsd. The U (k)
matrix would be utilized to include deterministic forcing in

+he model, if this informa+tion were available as in (1].
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Bowever, since an adaptive Kalman identifier was not

implemented to estimate the pilot/aircraft response, no
atterpt was made to include deterministic forcing in the
model.
1. Kalman Fjlter Covariapce of Measuremept Noise, R (k)

Kalman filter theory assumes linear relationships
among measurements and states as can be seern from (3.9).
Since aircraft motion is modeled in a Cartesian reference
frame and measurements are generated in a polar reference
frame, +he resulting relationships among the states and
measured values are nonlinear, as can be seen from the

transformation equations shown below.

X = R cos(E) sin (A) {(3.45)
Yy = R_cos(E) cos (A) (3.46)
Z = R sin(E) (3.47

Using *“hese polar/Car“esian transformaticns +*0
aonlinearly combine +he polar cbserva+icns,
th-ee-dimensional Car+esian measurements are ger2rated frem

(3.3 <0 form (3.48) below.
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z, (k) R cos(BE) sin(A) v, (k)
zY(k) = |R cos(B) cos(A) + vy(k) (3.u48)
z, (k) R sin(E) v, (k)

where *he observation matrix for KALNEY is

H (k) é§g§8§ ' (3.49)

0 1

and for KALMN2 is

H (k)

1838283888 (3.50)
0000

00100

In order to compute the measurement error variance
it is necessary *o first 1linearize the measurement error.
Differentiating equation (3.48) with respect to each of the
measurement variables yields (3.51), where s and ¢ represent

sir and cosine respectively.

SACE CCACE -rsAsE
J(x) = CACE -rsAcE -rcAsE (3.51)
SE 0 rCE

Thus we £find that the linearized Cartesian errors can be

expressed as

<

[]
(<]
~—
X

~—
<

(3.52)
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Therefore assuming no cross correlation of polar

errors, the linearized Cartesian measurement error
ccvariance matrix is
T
Rc(k) = J(x) Rp(k) J (x) (3.53)

The diagoral terms of R (k) are

R(1,1) = 12 (o@sE2si + q2cE®ca’) + o2cE?sa’ (3.54)

R13;2) =12 (odsE?cl® + 2ce?sh) + g2cE?ed’ (3.55)

R(3,31 2 22 ce? + o2 sE? (3.56)
Thé off-diagonal elements-are

R(1,2) = r%2se?si® '+ (o2 - %2 ) cE?shch (3.57)

R(1,3) = (of - ro2 ) sEcEsA (3.58)

R(2,3) + (02 - b8 ) sEcEch (3.59) .
and due to *he symmetry of R (k)

R(2,1) = R(1,2) (3.60)

R(3,1) = R(1,3) (3.61)

R(3,2) = R(2,3) (3.62)
I+t should be noted that *he R(k) matzix is not cons=zart

since it depends on range, azimi+h, and elavation.

All three filters were ini+ialized with -2asonable

s=ate values fcr position, veloci+y, and accelera“ion on <%he

the first pass through +the £iltsr, since i%« is assumed chat
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the GDBS has wmaintained a good track for sometime prior to
the final leg to the target. Consequently the covarianca of
error for the initial state prediction vector is not set to
an arbitrarily large nuamber such as 10‘, as is of*en done
wvhen there is little confidence in the initial state values.
Instead 103 is used since it is more consistent with ¢he

covariance of error in good initial state values. This

simulated pass from some other “racking filter +o the filter

¢f interest is realistic and reduces the settling time.
Program constants and constant array calculations

for the Kalman H, #, A, and Q) matrices are se* up or this

first iterationm. The process noise W 1is set at an

arbitarily small number to ensure <that the gain matrix will

nct converge to zero and accentuate divergsnce problems.
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IV. PRBESENTATION OF RESULTS

4. QUALITATIVE OBSERVATIONS

Seven different filter configurations were ultimately
implemented and evaluated with <%he GDBS simulation. These
configurations are di scussad below and assigned
alpha-numeric syabols for ease >f reference.

The sixth order alpha-beta filter, ALFBTA (AB) was
implemented with the simple parameter switching techrique
outlined in Chapter 3. Howz=ver, <+he heading ra%te maneuver
detection process proved to be too insensitive to slow
maneuvers and was therefore augmented with a <trigger +hat
rese* filter ©parameters when the heading error exceedzd 3
degrees. The rasults of +his charnge proved +*0 be
worthwhile, as will be shown later.

The next three filters are variations of the six=h order
KALMN1 filter. (K10) is RALMN1 wi+hout adaptation, (K11) is
KALMN1 with the process roise adapta*ior scheme €fcr modifing
Q(k), and (K12) is KALYN?1 adapted by resatting P(k), *he
errcr covariance matrix, as discussed in Chapter 3. PFil-ers
(k20y , (K21, and (K22) are variations of KALMN2 which

correspond “o0 the KALMN? variants described above.
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Since the objective was +o evaluate the accuracy and
response of each filter in the final phase of bomb delivery,
the simulation was initialized with the aircraf+ withina 90
seconds of the ralease point, at a speed of 480 kno+s, and

on a heading within 10 degrees of the target bearing. Por

;ﬁ each run, after allowing 5 seconds for the filter to setzle,
Tacar targe* bearing information was prcvided to the pilot

;. centroller. At 15 seconds elapsed time, filter adaptation

?; was erabled and random maneuvers wvwere begun at 20 seconds.

#. Five separate rurns were evalua*ted for each filter where the

2

P random maneuvers were ceased at 80, 63, 50, 40, and 30

{ seconds prior to arrival at the release point.

tﬂ . The following plots were gsnerated for the case where

P mansuvers were stopped with a <“ime-to-go of 50 seconds.

= Figures 4.1 through 4.21 show “rue and estimatad(ccnnected

F- symbols) position, velocity, and accelaration *raja2c+ories
3 as functions of <time for all filter cornfigura=ions. Note
¢

e tha* the targe* position is desigra%ad by a cizcle on the
") J

horizorntal *rajectory plot. Also representa+ive filter gaina

schedules are included *“o show the effects of the pacticular

adapta+tion process being utilized.

Ty
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Pigures 4.1 and 4.2 indicate the magnitude of the
maneuver encountered and the good state estimation qualities
of this simple sixth order alpha-beta filter. Notice there

is no significant divergence of the estimated trajectory

from the true trajectcry throughout the run. Pigure 4.3
ii shows the step gain adaptation at the beginning of the run
in response to the controlled turn to tha target heading.
E. This gain is then rsduced after the turn is coapleted and
; before the first random maneuver begins, when the gain is
fé again increased.

f} The trajectory shown in Figure 4.4 contas+ts sharply with
?f tha*t shown in 4.1, showing significan% filter divergence for
ﬂl © +*+he nonadaptive six+th crder Kalman filter. The significant
f} lag in velocity stats es*ima=ion shown in Pigure 4.5 resul:s
= from +the conrvergent gain properties charac%erized i
F Figure 4.6.

The performance of K10 changes dramatically when i< is

Ei made adaptive as shown in Figurss 4.7, 4.8, anrd 4.9 for K11
b

Eﬁ and Pigures 4.10, 4.11, and 4.12 for K12. Figure 4.9 shows
Ei centinuous gain adjustment in response to perceived chaages
?‘ in +“he process noise. Figure U4.12 shows the effec+ of
;_ resetting the covariance of errsr in response %¢ a mansuve:T.
2
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b

Pigures 4.13,and 4.14 show the improvement in state
estimation of +the K20 nonadaptive Kalman filter.,when <the
crder is increased over that of KX10. It is interesting to
note that we see significant overshoot in the velocity
estimate for the first +ime. Unlike the filters discussed
thus far, K20 provides an acceleration estimate which can be
seen in Figure 4.15 and accourts for the sensitivity of the
velocity estimate.

Adapting K20 through the noise process *echnique results
in K21 which produces the pecsition, valocity, and
acceleration estima*es shown in Pigures 4.16, 4.17 and 4.18
respectively. PFigures 4.19, 4.20, and 4.21 prcvide “he sanme
infcrmation for K22, which represents the covariance of
errcr adap+ation variant of K29. These last +wo adap<tive
filters show lit+tle, if any, apparent improvement over the
nonadaptive version. This observation is supported in +he

following section.

Be QUANTITATIVE RESULTS

A single run, for 2ach filter <configuration evaluated
for each maneuver “srmination time, is not suffici=n=z =o
properly determine fil*er performance over <+h2 -ange of

possible majeuver trajectoriss and m2asurement noice
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sequences. Therefore, 30 siamulation +rajectories per

filter, per maneuver period, were conducted with different
random maneuver and measurement noises sequences generated
for each run. The bomb release signal +to the pilot wvas
assumed to occur at the closest point of approach(CPA) *o
+the target release poin<. The average o¢f tha resulting
CPA's for each 30 test runs are shown in Table I. CPA's
greater <than 250 feet are classified unsatisfactory and
labled '0' appropriately.

At a glance it is apparent that the adaptive six+h order
alpha-beta filter performs very well in such a dynamic
environment, except when maneuvers are continued very close
to the targe*t. The nonadaptive sixth order Kalman filter is
obviously unsuited by itself, bu+t when madz adaptive,
preforms very well, particularly <£for the process noise
adaptation *echnique when maneuvers are *ermina%ad 1la%te in
*+he target run. The ninth ordar Kalman filter performance,
both adaptive and naonadaptive, is comparable to the
alpha-beta and adap%ive sixth order Kalman filtaers, but has
problems in close due *o0o 1its longer se+*ling time. Yo=ice
that the adaptive variants of +he ninth order Kalman have
li=+le effect on that filtert's performance, as ve surmisad

in the las*t section.
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TABLE I

-----------
....................................................

- et e

Relea se Point Error Table

Alpha-
ilt Beta Kalman (sixth order) Kalman (ninth order)
®r|adpev | a388% Adptv ad88% Adptv
TTG AB K10 K11 K12 K20 K21 K22
(sec)
80 20" 46" 38" 39°* 30° 30 30°
60 | 43" U 42" 37° 43" 39° 35°
50 41" U ' 75°* 53°* 50° 6s"’ 52°
——— o ———— e F" .
40 55° U 54" g2¢ 119 9g* 135°
30 230" U 109" U 247" U u

Table II sho

and memory, to

ws the relativz cost, in

implemant KALMN1 and KALMN2

computa=ion %ime

in relation to

r ALFBTA.

;»

[ ]

i

f;t 50
T
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TABLE II

Relative Computation and Memory Costs

Alpha-Beta (sixth ord) 1
Kalman (sixth ord) 2.9
Kalman (ninth ord) 3.4

The only advantage to implementing the most rasponsive
variant of KALMN1 would be to reduce the probability of a
GDBS generated abort, due to large predicted bomb impact
errors, when maneuvers are carried very close to the release
point. Lastly, if the adaptive Kalmar identifier proved %o
be useful in providing deterministic forcing for the Kalman
fil<er model and resulted in 3improved accuracy and cCesponse
over the alternatives presented, the cost in ccomputation and
memcry resources would be even g-ea*er <han we have seen

here.
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GO 7O 999
10 CONTINUE

SELECT PARAMETERS FOR FILTERING BASEC ON
MANEUVERING AND NOISE CRITERIA.

HIGH CR LOW NOISE ENVIRCNMENT?

RgFRNG=SQRT(TACRMX(N)**Z*TACRMY(N)**Z*TACRMZ(N)**Z)
IF (RUFRNG .GT. 1500.) GO TO 20
NOSFLG=0Q
g TQ 30
NUE
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OOOOO

= (N)=-FPXKK1
K=FPXKK1+CALFA*XRESDU
K=F ETA®*XRESDU/
PREDICTEC STATES.
FPXKK1=FPXKK+FVXKK*DT

FILTER_Y-COQRD. DATA.
CURRENT STATES.

OOOOO OO0

YRESOU=TACRMY (N)=FPYKK]
FOYKK=FPYKK1+CALFA*YRES
FVYKK=FVYKK+CBETA®YRESD
PREDICTED STATES.
FPYKK1=FPYKK+FVYKK*DT

FILTER Z-CCORC. DATA.
CURRENT STATES.
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